Abstract-The capacitance-based sensing of fully-depleted silicon-on-insulator (FDSOI) variable capacitors for Co-60 gamma radiation is investigated. Linear response of the capacitance is observed for radiation dose up to 64 Gy, while the percent capacitance change per unit dose is as high as 0.24%/Gy. An analytical model is developed to study the operational principles of the varactors and the maximum sensitivity as a function of frequency is determined. The results show that FDSOI varactor dosimeters have potential for extremely-high sensitivity as well as the potential for high frequency operation in applications such as wireless radiation sensing.
need for electrical connections, as well as their dc operation, which makes them sensitive to noise [12] . It has been shown that the minimum measurable dose of RADFET is limited by its noise [13] . Capacitance-based sensing has the advantage that AC measurements can be used, which have the potential to overcome the noise limit and achieve ultra-high sensitivity. Moreover, when capacitors are included as part of an LC resonant circuit, wireless telemetry can be achieved [14] . However, increasing the sensitivity in MOS-based capacitive dosimeters is difficult due to the inherent trade-off between oxide thickness and capacitance tuning.
Fully-depleted silicon-on-insulator (FDSOI) technology, which uses an ultra-thin undoped silicon layer as a transistor channel with a buried oxide layer (BOX) beneath it, has the potential to overcome these limitations. This is due to its ability to collect radiation-induced charge in the thick buried oxide layer, but read out the dose using the top-gated capacitor. By separating the charge collection and read out components of the sensor, real time measurement can be easily realized without switching between "write" and "read" mode, as is necessary in both RADFET and MOS capacitor dosimeters. This capability could decrease the read-time instability especially in real-time low dosage sensing applications [15] . FDSOI variable capacitors (varactors) are particularly attractive for wireless sensing applications. Their high capacitance per unit area allows small sizes, while maintaining high sensitivity, which is an important consideration for in vivo radiation dosimetry in radiation cancer therapy. Dosimetry applications using SOI structures have been investigated in [16] and a readout circuitry was designed. However, instead of separating the charge collection and readout using the BOX and top gate oxide respectively, the BOX layer was used for both purposes, which is a similar mechanism to conventional RADFETs. The response of FDSOI MOSFETs to different ionizing radiation sources has been studied [17] , and we have characterized the threshold voltage shift versus dose for FDSOI MOSFETs under medically-relevant radiation conditions [18] . However, the capacitance response was only simulated and not experimentally evaluated. In this work, we report the fabrication of FDSOI varactors and characterize the capacitance change versus dose provided from a Co-60 source. An analytical model is also developed to explain the working mechanism and to predict the maximum sensitivity of these devices.
II. EXPERIMENTAL METHODS
The basic concept of FDSOI radiation dosimeters is to have the radiation induce a conducting channel in the thin SOI layer above a thick buried oxide (BOX) layer, as shown in 0018-9499 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Figs. 1(a)-(b)
. The SOI layer must be fully depleted so that the gate can detect the accumulated charge (which, in our experiments, appears at the back interface of the SOI layer). The devices used in these experiments were fabricated at the University of Minnesota using commercial silicon-on-insulator wafers purchased from SOITEC. The devices had a 20-nm-thick intrinsic Si body, a 200-nm-thick buried oxide layer, and a 7-nm-thick dry thermal gate oxide. The source and drain contacts were formed using ion implantation and the source, drain, and gate used Al metallization. The devices utilized a non-self-aligned fabrication process and therefore had significant ( m) overlap between the gate and the source/drain regions. The gate width, , of the devices varied from m to m and the gate length, , varied from m to m. The gate capacitance, , versus gate voltage, , (relative to the source electrode) was measured using an Agilent 4284A capacitance meter, while the drain electrode remained floating. The versus characteristics for several devices are shown in Fig. 1(c) which show excellent reproducibility. The standard deviation of threshold voltage is found to be less than 18 mV. An optical micrograph of a typical device is shown in Fig. 1(d) .
Before radiation experiments, versus ( Fig. 2 ) characteristics were measured to verify the operation of the device under different substrate bias,
. Depending upon at which SOI interface the inversion will occur first while sweeping , the device can operate at either front channel or back channel mode. As shown in Fig. 2(a) , when changes from V to V, the versus curve shifts leftward as expected. At large negative , the band bending of the SOI layer prevents the back channel from forming, and only the front channel can be turned on by increasing . However, as is increased, the band bending of the SOI layer will gradually switch from front-channel to back-channel mode. In this mode, as is increased, the back channel turns on first, and then after further increasing , eventually the front channel will also be turned on. For instance, the "hump" in Fig. 2(b) shows this transition of the front channel from the "off" to "on" state. In Fig. 2(a) , the capacitance variations at V for all values of are due to slight differences in the probe pad parasitic capacitance induced by the substrate bias. Similar variations are observed for V and V at V. These capacitance variations arise due to the substrate below the pads switching between depletion and accumulation as is varied. At very large positive , the back channel will be completely turned on at all values of , so that the capacitance level will be high even at large negative . In our radiation experiments, the value was selected such that the devices operated in back channel mode, as shown in Fig. 2(b) .
The devices were then irradiated and tested simultaneously using a commercial Gamma-Knife Co-60 clinical therapy unit, where a special mount was fabricated to allow the varactors to reside at the center of the focused radiation beams. The accuracy of the device positioning in the beam was confirmed using radiochromic film (Gafchromi EBT2, Ashland, Inc.). The applied dose was verified using an optically stimulated luminescent dosimeter (nonoDot, Landauer, Inc.). The device was wire bonded to a header that was connected to the capacitance meter. When the device was irradiated, the device in the mounting assembly was moved into the focus of the 201 beams by the movement of the patient couch. The capacitance was measured at 100 kHz with amplitude of 50 mV for all radiation experiments.
During the experiment, was measured with a constant positive . The substrate voltage helps to minimize recombination of the generated electron-hole pairs, as well as to drive the holes to the top surface of the BOX. The measurement sequence was as follows. Before irradiation, the versus characteristic at different values was measured. Based on this characteristic, the proper value was selected to make sure the device was operated at the transition region between "off" and "on" states, where the capacitance change is most sensitive to irradiation, as labeled in Fig. 2 
was monitored as a function of time (without irradiation) at fixed and to ensure that there was no drifting in the device. Then, the device was irradiated. After the accumulated dose was reached, the device was moved out from the radiation beam for a fixed time before being irradiated again. For some measurements, one continuous dose sequence was utilized, and for others, a series of step stress doses (i.e., several shorter dose sequences separated by short delay times where no radiation was incident) was applied to allow observation of room temperature annealing on the device response. Fig. 3(a) shows a typical response of one device to a series of exposures, consisting of 8 Gy per fraction, up to a total dose of 64 Gy, where a 5-minute delay was allowed to elapse between each fraction. The capacitance was measured in real time with a constant substrate bias of V. The shaded area shows the accumulated dose versus time. The capacitance shows a clear step response to each interval which tracks the applied dose extremely closely. The "spikes" in the capacitance between each fraction are due to mechanical and electromagnetic interference produced when the patient couch is moved to bring the device in and out of the radiation beams. Nearly all of these occur during the transition period. After the device arrived at the radiation beam center, the capacitance response was found to be very stable and linear under in-situ radiation conditions. We believe this noise is not a fundamental limitation of the sensor technology, but rather reflects non-idealities in our measurement setup. Fig. 3(b) shows the C-V characteristics of the device before and after irradiation. It is clear that the capacitance curve shifts leftward upon irradiation, as expected for positive charge trapping in the BOX. Since the device was biased at a constant gate voltage of V during irradiation, the capacitance increases from point A to point B on the graph. The parallel shift of the C-V curve also shows that most of the holes were trapped in instead of creating traps at the interface.
III. EXPERIMENTAL RESULTS AND ANALYSIS
In radiation dosimetry, particularly in medical applications, it is desirable that the device response is independent of the time delay between dose fractions. In our experiments, we tested this behavior by comparing the device response to continuous radiation, and radiation delivered in a step-wise fashion, with short ( minute) intervening times where no dose was applied. In our setup, due to the natural decay of Co-60, the dose rate was fixed at a value of 2.96 Gy/min. Fig. 4 shows the capacitance versus dose for FDSOI varactors with 0 and 5 minute delay times between each fraction. The figure shows excellent overlay of sensor response indicating that, for the short delay times utilized in this experiment, no room temperature annealing effects were observed. Additional experiments are needed, however, to investigate annealing effects over longer delay times. Fig. 5 shows the measurement error versus dose at V, where the data was generated from two sets of experiments. In the first intra-device experiment, a linear dose calibration curve was established based upon an initial capacitance versus dose measurement. Then, on the same device, the gate voltage was changed to reset the capacitance to the initial value before calibration. Then, the device was re-irradiated and the percent error (defined as measured dose actual dose actual dose) in the measured dose relative to the actual dose was determined. This experiment was performed for two separate devices and the results are shown by the black squares in Fig. 5 .
In the inter-device experiment, a dose calibration curve was established on one device and then a second (nominally identical) device was used as the dosimeter. In this experiment, the gate bias was adjusted to match the initial capacitances of both devices before irradiation. The percent error from these measurements was shown by red dots and circles in Fig. 5 and two pairs of devices were utilized. For all experiments, measurements were performed under continuous radiation conditions up to 64 Gy. The measurement error was found to be after 10 Gy and reduced to 1% for accumulated dose of 60 Gy. In the single device measurements, the residual error is likely due to reduction of trapping efficiency with increasing dose. The slight change in gate voltage ( V) between calibration and measurement is not expected to have a significant effect on the measurement error [19] . In the device-pair experiments, geometric variations as well as measurement noise could account for the observed sensitivity errors. Fig. 6(a) shows the capacitance change versus radiation dose up to 64 Gy with substrate voltage and V. The increased sensitivity with increasing is due to the higher charge fractional yield of holes in the BOX layer with increasing electric field [20] . Assuming all electrons were swept out of the oxide, the percentages of holes (relative to the number initially generated by the radiation) trapped in the BOX layer are 1.9%, 7.4%, and 9.7% for V, respectively [18] . The low value could be due to the high quality of BOX layer in the commercial SOI wafer, where only very limited oxygen vacancies exist near the interface. However, this also indicates a large space to improve the sensitivity by engineering the vacancy concentration in the BOX to increase hole trapping efficiency [21] . Another possibility is that, in addition to trapping holes, the BOX layer also traps a significant amount of electrons which compensate the positive trapped charge [22] , [23] . More comprehensive experiments are needed to distinguish between these two mechanisms. Fig. 6(b) shows a detailed portion of device response at V for low dose levels from 0 to 8 Gy. The results show the current sensors have minimum detectable dose of Gy. However, this value is limited by non-idealities in current measurement setup and we believe that significant improvements in sensitivity are possible, as will be described in the next section.
The effect of dose history on the sensor response was also characterized. Fig. 7 shows the capacitance versus dose for a device irradiated under two conditions. The black squares in Fig. 7 show the capacitance versus dose response of a device with no prior radiation history. This device displays a sensitivity of 0.24%/Gy, where we define sensitivity as the percent capacitance change per unit dose. The red circles show the response of the same device after it had accumulated a dose of 230 Gy. For this measurement, the gate voltage was adjusted so that the starting capacitance was the same for both measurements. In this case, the sensitivity was reduced to 0.20%/Gy. This change in sensitivity is likely due to saturation of hole traps in the BOX [24] , which is consistent with our previously published results [18] .
IV. DISCUSSION
We have developed an analytical formalism to quantify the sensitivity limits of FDSOI radiation dosimeters. Fig. 8 shows the equivalent circuit model for FDSOI varactors, along with a schematic diagram of the device structure showing the critical circuit elements. In this model, is the overlap capacitance between the gate and source/drain electrodes, is the channel resistance, is the capacitance between the top gate and the channel region between the source and drain and is an additional extrinsic resistance. If the equivalent capacitance of the circuit in Fig. 8 is , then for a given angular frequency, ,
The value of is related to the charge density in the channel, , via (2) where is the effective gate length, and is the electron mobility. The factor 4 in equation (2) comes from that, the length between gate and source/drain equals to 1/2 , and when source and drain electrodes are shorted together, the equivalent resistance reduced to half of the gate to source/drain resistance.
The value of , by definition, can be expressed as (3) where is the top gate voltage. is a function of both and the radiation generated charge, , and can be expressed as either (4a) or (4b) where is the electron charge, is the thickness of inversion layer, is the intrinsic charge density of silicon, and is the gate voltage at which the Fermi level in the channel equals the intrinsic Fermi level. In addition, ) is the equivalent gate capacitance per unit area in back channel mode, and . The factor of 3 accounts for the permittivity difference between Si and . When , the device is in the subthreshold regime, and then equation (4a) applies. Conversely, when , the device is in inversion regime and the inversion charge is determined by (4b). The different relations for come about due to the fact that, for , the carrier concentration in the channel is very low and the electric field lines from will terminate on the top gate electrode, while for , the carrier concentration in the channel is high enough to screen the electrical field lines from . Therefore, from equations (1) through (4), the total capacitance can be expressed as (5a) (5b) where, once again, (5a) and (5b) correspond to and , respectively. The relations in (5a) and (5b) provide interesting insight into how the capacitance change is occurring. In the subthreshold regime, the capacitance tuning occurs entirely due to the change of , and in the limit of low frequencies defined by ( q , then . In the superthreshold regime, since is a constant, the total capacitance is modulated by the change in the channel resistance . Finally, we can relate to the dose [18] in an FDSOI device using (6) where is the percentages of holes, relative to the number initially generated by the radiation, trapped in the BOX layer and is the BOX layer thickness. If we define sensitivity as the percent capacitance change per unit dose, and we calculate the optimum bias point for the maximum sensitivity, then we arrive at the following expressions:
where is the overlap distance between the gate and source/ drain electrode, , and (7a) and (7b) correspond to , respectively. Fig. 9(a) shows a comparison of the modeled and experimentally extracted values of versus at frequencies of 100 kHz and 100 MHz. At 100 kHz, the experimental data is fit to the subthreshold model in (7a). Excellent agreement is achieved at lower capacitance values, though some deviation occurs at higher capacitance, due to the transition between subthreshold and superthreshold operation where our simple analytical formalism is less accurate. Fig. 9(b) shows a detail of versus dose on a semi-log plot which show the initial exponential increase in capacitance versus dose, which is in agreement with the subthreshold model. At 100 MHz, we find that the model in (7b) fits the experimental data, indicating that at higher frequencies, the capacitance switching occurs above threshold. This switching regime is likely to be useful for wireless sensors due to the lower overall channel resistance, however, the sensitivity is lower compared to the subthreshold operation.
Our analytical formalism is particularly useful for evaluating the maximum sensitivity of FDSOI varactor dosimeters. Fig. 10 shows a plot of the maximum theoretical sensitivity versus frequency where the models in (7a) and (7b) have been used. For these calculations the geometric parameters of the devices were the same as those shown in Fig. 3 , except that was assumed to be 5 nm. At low frequencies, the maximum sensitivity occurs in the subthreshold mode of operation and is independent of frequency as shown by the black dashed line. However, as the frequency increases, at some frequency, the maximum sensitivity transitions to occurring in the superthreshold regime. When this occurs, the maximum sensitivity decreases with further increase in frequency. The point at which this transition occurs, depends upon many parameters, including the gate length, overlap capacitance, gate oxide thickness and others.
The plot also shows the experimental sensitivity measured at 100 kHz. The experimental sensitivity for this device (0.18%/Gy) is much less than the theoretical prediction. This difference can be attributed to two main effects. The first is the low value in (6) and if this value could be increased to near 100%, the sensitivity could increase by a factor of 10x. The second effect is the substantial overlap and parasitic capacitance in our devices. Once again, optimizing this value, for instance, by utilizing a self-aligned process and an insulating substrate, another factor of 10x in sensitivity could be achieved. This sensitivity metric only applies to capacitance-based dosimeters. In order to compare with other dosimeters, additional studies are needed to determine the minimum capacitance change that can be measured. Assuming 1 fF capacitance resolution with 10 pF total capacitance and , the minimum detectable dose is Gy, which is in the same order of RADFET [25] .
Finally, the plot also shows that the sensitivity can be increased by increasing , provided that the substrate bias can be scaled sufficiently to maintain constant . The ability to increase sensitivity by increasing the radiation collection layer thickness is a unique advantage of the FDSOI approach. For instance, increasing the oxide thickness does not increase sensitivity in conventional MOS-based capacitor dosimeters, due to the trade-off between overall capacitance and charge collection volume. Furthermore, for high-frequency operation, the sensitivity can be increased by decreasing the lateral dimensions of the device. Such optimization would be important for wireless dosimeters where maintaining high quality factor as well as high sensitivity would be important.
Last, we would like to point out that, for simplicity, the effect of substrate was ignored in our analytical model. The substrate will add another parallel parasitic capacitance, and including this effect will provide a more comprehensive analysis. Also, the frequency dependent response of radiation generated traps was not included in this study. The behavior of switching states near the interface [26] , especially border traps, on different time scales and bias points may change the shape of the C-V characteristics, therefore, changing the optimum bias point and sensitivity of the dosimeter. This effect should also be taken into account for practical designs.
V. CONCLUSION
In conclusion, the capacitance-based sensing of Co-60 gamma radiation is demonstrated using fully-depleted silicon-on-insulator variable capacitors. The devices showed linear response up to 64 Gy with percent capacitance change of 0.24%/Gy. Preliminary variability analysis and dose fraction interval dependence results are also encouraging. An analytical model of the device under radiation was also developed and the optimal working condition at different frequencies was studied. 
The optimum bias point was found at and at and , respectively. Since when , the optimum bias point is independent of capacitance. When , the optimum bias point occurs at 
Finally, as a result:
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